DNA sequences, that control expression of the spliced leader (SL) RNA gene in the parasitic protozoan Leishmania amazonensis, were mapped by block substitution mutagenesis. In the absence of a functional in vitro system for transcription, no promoter elements have yet been identified in this organism. We therefore developed an alternative in vivo approach, in which the SL RNA gene was tagged and then subjected to a series of linker scanning mutations. Each tagged and mutated SL RNA construct was introduced into parasite cells via the pX transfection vector, and was examined for expression of the tagged SL RNA followed by characterization of its transcriptional start site. The replacement of a critical DNA element was expected to prevent expression of the tagged SL RNA. We found that the putative SL RNA promoter is complex and includes two elements: one is located upstream to the coding region, between positions -30 to -70; and the other is located between -10 to +10, and includes transcribed sequences. In addition to the functional relationship between the SL RNA and vertebrate U snRNAs, we found structural similarities in their regulatory elements, which may possibly indicate a common evolutionary ancestry for these molecules.
INTRODUCTION
Most structural genes in trypanosomatid organisms are arranged in tandemly repeated units that are transcribed into polycistronic molecules. These are further processed by polyadenylation and by fra/w-splicing, in which a 39 nucleotide extension, termed the spliced leader (SL), is joined to their 5' end. The SL is donated to pre-mRNAs from a small independent SL RNA transcript [ 1; 2; 3] which provides the mRNA with a cap structure that is required for fra/is-splicing, initiation of translation and for mRNA stability [4; 5; 6; 7; 8] . During the initial step of this process, an intermediate Y structure is generated, containing a 2'-5' phosphodiester bond. Ligation of the SL to the mRNA results in the release of the SL RNA intron. 7Va/w-splicing is found not only in kinetoplastid organisms, but also in higher evolutionary groups such as nematodes [9; 10] and trematodes [11] . However, while these organisms use both cis and trans splicing, mRNAs in kinetoplastid protozoans are processed exclusively by splicing in trans.
The SL RNA is encoded by a cluster of repeat units. It was cloned from various kinetoplastids [12; 13; 14; 15] as well as nematodes [6; 16; 17] , and was found to be present in approximately 200 copies per genome [18] . Recently we reported on cloning and sequence determination of the SL RNA gene from Leishmania amazonensis [19] . The repeat unit is 286 bp long, and is the smallest characterized to date among kinetoplastid organisms. The sequence homology between SL RNAs from distinct species (such as Leishmania, Trypanosoma, Leptomonas and Nematoda) is poor; however, their putative secondary structure is similar and includes three stem-loop structures [6; 20] . A functional relationship between the SL RNA genes and other uridine rich small nuclear RNAs (U snRNAs) was suggested, due to their small size and their participation in splicing processes [21] .
On the basis of a-amanitin sensitivity and the presence of a cap structure at its 5' terminus, it was suggested that the SL RNA gene is transcribed by an RNA polymerase n [22; 23] . However, the possibility that RNA polymerase IE may be involved, was not completely eliminated [24] .
To date, cw-acting DNA elements, that control expression of the SL RNA gene in trypanosomatids, could not be identified, since a functional in vitro transcription system for these organisms is not available. We have therefore developed an in vivo approach, and examined the effect of linker scanning mutations on expression of a tagged SL RNA gene in stably transfected cell lines. We found that the putative SL RNA promoter in L. amazonensis has a complex structure that is comprised of upstream elements, as well as sequences within the transcribed region.
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MATERIALS AND METHODS

Parasites, transfections and isolation of cell lines
Promastigotes of Lamazonensis isolate MHOM/BR/77/LTB0016 were cultured in Schneider's medium supplemented with 10% fetal calf serum, 4 mM L-glutamine, 10 U/ml penicillin and 10 jig/ml streptomycin. Transfections were performed by electroporation as described elsewhere [25] , except that a double electrical pulse of 5.5 kV/cm at 25 /iF, in a Bio-Rad Gene Pulser apparatus was applied. Stable transfectants were selected in the presence of 60-100 /ig/ml of Geneticin (G418, Sigma). Drugresistant cell lines appeared 10-14 days following transfection, and were grown in the presence of 200 /ig/ml Geneticin.
Oligonucleotide-directed mutagenesis
Defined oligonucleotide-directed mutations were constructed as previously described [26] . E.coli CJ236 bacteria were transformed with the plasmid that was targeted for mutagenesis. The transformed clones were grown in the presence of uridine (0.25 /ig/ml), and single stranded antisense DNA was rescued [27] . Synthesis of the complementary strand was primed by an oligonucleotide that contained the mutation. The ligation products were transformed into HB101 bacteria, and colonies that hybridized with the SL oligonucleotide probe were analyzed. Three different oligonucleotides were designed for tagging of the SL RNA Aval clone; each contained 20 bases, complementary to two stretches of 10 nucleotides that flanked a 10 nucleotide deletion in the intron portion of the SL RNA. The resulting mutations were denoted as SLA1, SLA2 and SLA3. A series of oligonucleotides was synthesized for linker scanning mutagenesis of the SLA1 clone, each containing 10 bases of complementary sequences on either side of a 10 nucleotide block that was exchanged in each mutation. The substituting block included a new Ncol site, to enable easy detection of the mutation. All the modified SL RNA genes were excised from their pBluescript vector by an Aval digest, their cohesive ends were made blunt and they were cloned, in the same orientation, into the pX transfection vector [28] . All mutations were verified by sequence determination within the pX vector.
RNA and DNA analysis
Whole cell extracts were prepared from 10 9 mid-logarithmic Lamazonensis promastigotes by nitrogen cavitation, as previously described [29] . A fraction of this extract was further subjected to ultracentrifugation at 33,000 rpm in a Ti50 rotor (100,000 Xg) for 2 h at 4°C, to precipitate the ribosomal fraction. RNA, isolated from whole cell extracts and from post-ribosomal supernatants was analyzed on 6% polyacrylamide 7 M urea gels that were electroblotted onto a nylon membrane and hybridized with the SL probe. Genomic DNA was extracted from the various cell lines as previously described [30] . The probes used for analysis of the SL RNA gene and its transcripts (both wild type and tagged) were a 286 bp fragment of the Aval genomic repeat unit, that included the SL RNA gene from Lamazonensis, and an antisense oligonucleotide complementary to the SL portion of the gene 5'-CAATAAAGTACAGAAACTGATA-CTTATATAGCGTTAGTT-3'. The SL RNA intron probe was complementary to the 3' end of the SL RNA intron, 5-GCGCC-TGCGCTTCCA-3' [19] . The level of the Neo r transcript was examined by hybridization to the 1 kb Smal-Bgin fragment from pSV2Neo [31] . RNA quantitation was controlled by hybridization with the 28S-/3 rDNA probe (unpublished data), kindly donated by Charles Jaffe from the Hebrew University in Jerusalem. [28] . The resulting plasmid was used to transfect Lamazonensis parasites and stable transfectants were isolated by selection for resistance to geneticin. 
Debranching reactions
An SI00 HeLa cell extract (x 100,000 g supernatant) was a generous gift of Yosef Shaul from our Institute. Polyadenylated and non-polyadenylated RNA fractions (2.5 fig and 20 /*g, respectively) were incubated for 30 min in a 25 /tl debranching reaction mixture as described elsewhere [32] . The reaction products were fractionated over a 15% polyacrylamide 7 M urea gel, blotted onto a nylon membrane and hybridized with the SL RNA intron antisense probe, that was compatible for both the wild type and tagged SL RNA transcripts.
RESULTS
Tagging of the SL RNA gene
The 286 bp Aval genomic repeat unit that encodes for the SL RNA gene from L.amazonensis [19] was cloned into pBluescript. The clone contained the SL RNA gene flanked by 93 and 90 nucleotides at its 5' and 3' ends, respectively. In order to distinguish between the endogenous and transfected SL RNA genes, the latter was tagged by oligonucleotide-directed mutagenesis. Three tagging modifications were examined, each designed to delete 10-12 nucleotides from the intron portion of the gene. Mutations SLA1, SLA2 and SLA3 deleted nucleotides +59 to +68, +69 to +80 and +81 to +90, respectively. Following mutagenesis, each of the modified SL RNA genes was excised with Aval, the cohesive ends were bluntended, and the gene was cloned into the Smal site of the pX transfection vector of Leishmania, that includes the gene for neomycin resistance [28] . The cloning strategy for plasmid pX-SLA1 is depicted in Figure 1 . Promastigotes of L.amazonensis were transfected with each DNA construct, and neomycin resistant cell lines were selected. RNA was isolated from whole cell extracts and from the post ribosomal supernatant of each cell line, since the latter was previously shown to be enriched with SL RNA transcripts [32; 33] . Hybridization of the various RNA preparations with an SL RNA probe indicated that, in addition to the endogenous SL RNA (95 nt), an 85 nt tagged SL RNA was observed only in cells transfected with pX-SLAl ( Figure  2, lanes c, h) . This band was absent from control cells, both from wild type L.amazonensis parasites (lanes d, f) and from cells transfected with pX-SL, where the cloned SL RNA gene was not modified (lanes e, g). The tagged SL RNA gene product was not observed in cells transfected with pX-SLA2 (lane b) or with pX-SLA3 (lane a). The pX-SLAl was therefore selected for further mapping of cw-elements that control transcription of the SL RNA gene.
The possibility that SL RNA degradation products could lead to misinterpretation of the results is unlikely. Such products were observed in T.brucei only after exposure to drastic treatments [34] , and we found no evidence for apparent degradation of SL RNA in our Northern blots. Moreover, the SL RNA genomic arrangement showed that only a single SL RNA cluster was present per haploid genome (data not shown). There was no evidence for SL RNA orphons or other genomic rearrangements, as reported for T.brucei [35] . Thus, the possibility that aberrant transcripts were present in wild type cells was ruled out.
Mutational analysis of sequences required for SL RNA expression
A series of linker scanning mutations of pX-SLAl (denoted pX-SLA1-1 to pX-SLAl-15) was constructed, by sequential block substitutions of 10 nucleotides each. The mutations covered the fragment upstream to the SL RNA gene, as well as the coding region itself (Figure 3 ). The first two nucleotides (AA) remained unaltered, since it was previously shown that the presence of a purine at the transcriptional initiation site was essential for formation of a stable transcription complex [36] . The various plasmids were electroporated into promastigotes of L.amazonensis, and neomycin resistant transfectants were isolated. To examine the effect of the different substitutions on expression of the tagged gene, RNA from these cell lines was hybridized with the SL RNA probe, using the endogenous SL RNA as an internal control. As shown in Figure 4 and in Table  I , The SL RNAA1 transcript was observed in cell lines transfected with pX-SLAl linker scanning mutants numbered from 1 to 5, as well as in mutants 8, 9, 14 and 15. It was almost completely absent from cells transfected with pX-SLAl-6 and pX-SLAl-7 (substituted at +3 to +10 and at -10 to -1, respectively) and was not observed in pX-SLAl mutants numbered 10, 11, 12, and 13 (that altogether substituted the sequences positioned between -30 to -70). The absence of the SL RNAA1 transcript suggested that the sequence elements located between -30 to -70 and between -10 to +10 were required for SL RNA expression.
Primer extension analysis of SL RNA mutants
To determine the start site of transcription for the tagged SL RNA, the various mutants were subjected to primer extension analysis, as shown in Figure 5 . By using a primer located downstream to the tagging mutation (nucleotides +79 to +93), we were able to distinguish between the extension products of the endogenous and transfected genes, which varied in size. The 5' boundaries of the tagged and wild type SL RNA transcripts were determined by comparison with a parallel sequencing reaction of pX-SLA 1, using the same primer. Two extension Table I . Molecular sizes (nucleotides) were derived from a Hpa H digest of pBR322 and shown at the left side.
products specific for the native SL RNA were observed, most probably representing capped and uncapped forms of the transcript, present in the cells [4] . A similar size variation of 4 nt was also observed in analysis of nascent transcripts of the endogenous SL RNA in wild type cells [29] . The ratio between these two primer extension products differed among the various cell lines, due to a reason yet unclear to us. The primer extension product of the tagged SL RNA was smaller than that of the endogenous SL RNA by 10 nucleotides. Also in this case, the primer extension reaction resulted in more than a single product, which probably represented the 5' ends of different capping forms of the transcript.
Estimation of the pX copy number and transfection efficiency
Genomic DNA from wild type L.amazonensis and from the pX-SLA1 cell line was digested with different restriction enzymes ( Figure 6 ). Hybridization with the SL antisense probe revealed an additional hybridizing band in cells transfected with pX- SLAl  (lanes a, e, g ), as compared to wild type cells (lanes b, f, h ). EcoRI and BamHI do not cut within the endogenous SL RNA genomic cluster; therefore, a large band was observed in wild type DNA (lanes b and h) and in the mutant cell line (lanes a and g). The additional 6.4 kb hybridizing fragment (lanes a and g) corresponded to the size of the linearized pX-SLAl plasmid, as these enzymes cut once within the pX vector. Smal cuts once within the endogenous SL RNA repeat unit, resulting in a 0.3 kb fragment which was observed in wild type genomic DNA (lane c). Since Smal and Aval share the same restriction site, the endogenous genomic Smal fragment (0.29 kb) and the plasmid derived pX-SLAl fragment (0.28 kb) could not be separated on the agarose gel (lane d). Rsal cuts once within the endogenous SL RNA genomic repeat unit, releasing a genomic 0.3 kb fragment (lane f). This enzyme cuts also within the pX cloning vector resulting in a 2.6 kb fragment from pX-SLAl (lane e). Densitometric analysis of the hybridization intensities showed that the value of the plasmid band was approximately 70% of that measured for the endogenous gene.
To control for transfection efficiency between the different cell lines, the intensity of hybridization to the Neo r probe was compared. Northern analysis revealed a comparable level of the Neo r transcript in all the cell lines, similar to that observed in cells transfected with SL RNAA1 (Table I) . Hybridization with a rDNA probe was used to control for RNA quantities on the gel.
Debranching of polyadenylated RNA
To determine whether substitution of the coding sequences between +3 to +10 (mutant pX-SLAl-6) affected stability of the RNA rather than transcription, run-on transcription was examined in Leishmania cells which were mildly permeabilized by digitonin [29] . However, despite the analysis of hybrid selected RNA, nascent transcription of the tagged SL RNAA1 was very weak (data not shown), and it was not possible to determine unequivocally whether the mutations affected the SL RNA stability or its promoter activity. The discrepancy between the relatively high steady state level in comparison to the endogenous SL RNA (Figures 3-5 
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RNAD1 gene, could not be attributed to differences in copy number between the endogenous genes and the transfected pX-SLA1 genes ( Figure 6 and Table 1 ). We therefore examined whether the tagged SL RNAA1 was utilized by the rrevu-splicing machinery. It was previously shown that exposure of polyadenylated RNA from Leishmania enriettii to a HeLa cell S100 extract, that contained debranching activity, released the SL RNA intron (100 nucleotides in T.brucei and 53 nucleotides inL.enriettii) [1; 2; 3; 32] . If the tagged SL RNAA1 could form the Y branch structure necessary for rra/u-splicing, an additional 43 nts fragment that corresponded to the tagged intron was expected. Polyadenylated RNA from pX-SLAl transfected cells was therefore subjected to debranching activity of an S100 HeLa cell extract. The reaction products were analyzed by Northern blots hybridized with an antisense probe specific for the SL RNA intron. The short exposure shown in Figure 7 (IT) indicated that the intron specific probe hybridized with both the wild type SL RNA and the SL RNAA1 transcripts. The longer exposure (Figure 9 ; I) shows that a single intron specific band (sized 53 nt) was produced only in the presence of the S100 HeLa cell extract. We did not detect any additional band that could correspond to the SL RNAA1 intron. This suggested that the tagged SL RNA was not utilized efficiently, if at all, in the transsplicing process. Since the half-life of the endogenous SL RNA is short (estimated as 4 min [34] ), failure to be consumed by the splicing machinery could result in the accumulation of the tagged transcript. This observation could explain the contrast between the presence of relatively high levels of steady state SL RNAA1, and its weak nascent transcription, as compared to the endogenous gene. Hybridization with poly A~ RNA yielded a high background which could represent splicing intermediates. As these are expected to be short lived, they are observed only (-, lanes a, c, e, g ) of an S100 HeLa cell extract (marked DEB). The reaction was size fractionated over a 15% polyacrylamide 7 M urea gel, electroblotted onto a nylon membrane and hybridized with the SL antisense intron specific probe. Sections I and D represent long and short exposures of the same blot, respectively. The arrow marks the SL intron product of the debranching activity. Molecular weight size markers are a pBR322 Hpall digest.
in the longer exposure of the blot, similar to the band that corresponds to the SL RNA intron.
DISCUSSION
In this study we mapped regulatory elements that control expression of the SL RNA gene, possibly at the level of transcription. We established an in vivo approach, in which the SL RNA gene was tagged, subjected to linker scanning mutagenesis and introduced into the cells via a transfection vector. Failure to express the tagged gene in a given cell line, indicated which elements were required for its expression. We found that me putative SL RNA promoter was comprised of two sequence elements: one located in the upstream region between positions -30 to -70 and the other at -10 to +10, relative to the 5' end of the gene. Cells transfected with mutant genes, in which these sequences had been substituted, did not express the tagged SL RNA, while its transcript was abundant in all other cell lines.
The approach applied in this study could raise a concern regarding the ability of Leishmania parasites to transcribe both strands of transfected circular plasmids [37] . However, in such a case, no difference should be observed in expression of the tagged SL RNA among the various mutants, all of which expressed the Neo r gene. Even if the pX vector could generate background transcripts, they would not have initiated at the correct site. Primer extension analysis showed that when the tagged SL RNA was expressed, its transcript initiated at the expected position. Consequendy, the transfection approach provided evidence for the location of DNA elements which were required for expression of the tagged SL RNA.
It was difficult to exclude the possibility that the regulatory elements affected RNA stability due to the weak transcription rate of the tagged SL RNA gene relative to that of wild type SL RNA. This result was initially unexpected in view of the high steady state levels of the tagged SL RNA, but could be explained if it was not utilized efficiently in the frans-splicing process. Debranching experiments that failed to detect the tagged intron strengthen such a possibility. The inefficient transcription of SL RNAA1 could result from competition with the endogenous clustered SL RNA genes for transcription factors, or from negative effects of the transfection vector, which remained extrachromosomal [28] . In addition, a more distal sequence element found in U snRNA promoters of higher eukaryotes which acts as an enhancer [38; 39] could be missing. Due to our cloning strategy, sequences located upstream to the Aval site (at -90) could not be examined.
Neither SL RNAA2 nor SL RNAA3 were found suitable for tagging, since cells transfected with these genes failed to express the corresponding tagged SL RNA. The SL RNAA2 tagging mutation deleted the region positioned at +70 to +80, that included a sequence with potential homology to the conserved Sm binding site (GAUUUUGG). Although the SL RNA of trypanosomatids is not recognized by anti-Sm binding antibodies [20; 33] , this sequence may still be essential for protein-RNA interactions and for RNA stability. The A3 mutation, which deleted sequences that were adjacent to the 3' end, could have interfered widi accurate termination, and thus affected transcript stability.
Conservation of the internal regulatory element (+3 to +10) among trypanosomatids might suggest that a common transcription factor functions in these organisms. Comparison of upstream sequences from the SL RNA gene of L. amazonensis with other Leishmania species, such as Leishmania donovani [ 15] , revealed an element with limited homology (data not shown). Transfections across Leishmania species should reveal whether this similarity is adequate for recognition by die heterologous transcription factors. No evidence was found for sequence homologies between the upstream promoter element from L.amazonensis and parallel regions in other trypanosomatids, indicating that it might confer species specific expression, similar to die proximal sequence element (PSE) of U snRNA promoters in higher eukaryotes [40] .
The signals that regulate transcription of the SL RNA gene in the parasitic nematode Ascaris lumbricoides were recently identified, using an in vitro transcription system [41; 42] . Structural resemblance was observed between the promoters of the SL RNA gene from nematodes and from L. amazonensis. In both cases, two regions positioned at similar locations were identified: an upstream element centered at -50 and an element that includes coding sequences. However, sequence comparison of the upstream elements from both organisms failed to demonstrate apparent homologies. Moreover, the requirement for sequences from -1 to -10 in the SL RNA gene of L.amazonensis was not observed in the nematode SL RNA promoter. The upstream segment of the promoter in A.lumbricoides was confined to a narrow stretch of nucleotides, whereas in Leishmania it was distributed over more than 40 nucleotides. A similar difference in the size of an analogous element was reported for the U2 PSE in mammals [38; 43] and in Xenopus [44; 45] .
Our results indicate a structural resemblance between the vertebrate U2 and the leishmanial SL RNA promoters. In both cases the promoter included two distinct elements, one was located in the upstream region and the other included internal sequences. In the vertebrate U2 gene the internal element is required for creating a stable transcriptional complex [36] . Since the region located between -10 to -1 in die SL RNA gene has no counterpart among the vertebrate U snRNA promoter elements, it could possibly represent an extension of the internal element. Similarities with die vertebrate U6 promoter are also apparent, as the SL RNA gene terminates widi a T stretch, implicated with termination of genes which are transcribed by RNA pol IE, (reviewed in [46] ). However, unlike die U6 gene, no TATA box was observed in die upstream flanking region of the SL RNA gene. This sequence element was previously shown to be part of the vertebrate U6 promoter [47; 48; 49] and is required for the RNA polymerase specificity [50; 51] . Identification of a distal element widi an enhancer activity could not be demonstrated in this study, but a longer upstream region should yield information on whether such an element exists in Leishmania. The structural similarities between die SL RNA promoter of Leishmania and die vertebrate promoter of U snRNA genes raise die possibility of a common evolutionary origin for mese molecules, although the former does not bear complete resemblance to any of diem.
